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Abstract 
The utilization of the German ‘Passivhaus Standard’ has grown rapidly in recent years. Stimulated by the shift 
towards energy efficient design and rising fuel costs, the concept is perceived as a potential means of meeting future 
zero carbon targets through an established, reliable methodology. The standards ability to ensure adequate indoor air 
quality in a UK climate however remains fundamentally under-researched. This paper investigates the potential 
implications of the Passivhaus standard on indoor air quality. A case study is presented, which consisted of indoor air 
quality measurements, occupant diary, building survey and occupant interviews in a Passivhaus social housing 
project in the UK. The findings provide much needed insights into indoor air quality in homes designed to this 
standard; which can be disseminated to aid the development of effective sustainable building design that is 
appropriate to localized climatic conditions and sensitive to the health of building occupants.  
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1. Introduction 
In order to meet the legally binding Climate Change Act of an 80% reduction of net carbon account by 
2050 of the 1990 baseline [1], the UK government has set a target of ‘zero carbon’ for all new buildings 
by 2016 [2]. In 2009, the government revised the definition of zero carbon by introducing the concept of 
‘allowable solutions’ to compensate for the most challenging reductions of carbon emissions on site [3]. 
The built environment is responsible for approximately 36% of Greenhouse Gas (GHG) emissions for the 
whole of the UK, with domestic operational carbon emissions 54% of the built environment total [4]. In 
response, a number of energy efficient design strategies have been implemented in the UK housing sector, 
including adoption of the German Passivhaus standard. These strategies aim to reduce building carbon 
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dioxide emissions through increased fabric energy efficiency and the adoption of low carbon 
technologies.  
 
The Passivhaus concept is a voluntary construction standard established in Germany by Professor 
Wolfgang Feist during the early 1990’s [5]. In the UK, adoption of the Passivhaus standard remains in its 
relatively early stages with approximately 200 completed projects [6], despite over 37,000 Passivhaus 
certified buildings worldwide [7]. The standard requires adherence to specific criteria; most notably 
annual maximum space heating requirements of 150kWh/m2, maximum annual primary energy of 
120kWh/m2, utilization of Mechanical Ventilation with Heat Recovery (MVHR) and an air tightness 
(n50) of less than 0.6h-1 [8].  
 
Proposals have been made for the Passivhaus standard or similar non-residential standard to be utilized as 
mandatory requirements for all new buildings by the European Commission [9]. However, questions 
remain on the applicability of the Passivhaus standard in a UK climate. For instance, as suggested by 
Schiano-Phan et al. ‘some of the measures prescribed by the Passivhaus standard, such as mechanical 
ventilation with heat recovery, many not be necessary or desirable for the UK context’ [10]. Furthermore, 
the effect of these measures on indoor air quality remains significantly under-researched, particularly in a 
social housing context. This study therefore aims to 1) investigate the indoor air quality in Passivhaus 
social housing during summer and winter seasons (both physical and perceived), and 2) examine occupant 
knowledge and engagement of the ventilation systems in these homes.  
2. Methodology 
 
The case study social homes are within a block of five built to the German Passivhaus standard 
(constructed in April 2012), and are located in a residential area. Three mid-terraced Passivhaus dwellings 
were selected for investigation following discussions with the housing association and building 
occupants. The two-storey, 3-4bed timber frame dwellings also achieved level 4 in the Code for 
Sustainable Homes and were compliant with the Lifetime Homes standard. The development is south 
facing with main entrance and car-parking to the north.  
 
Table 1: Household Profiles 
 
Household profiles No.1 No.2 No.3 
No. of occupants 4 6 3 
Cooking fuel Electric Electric Electric 
Heating fuel Natural gas Natural gas Natural gas 
No. of smokers 1 3 1 
Cigarettes ever smoked in home No No No 
Average hours occupied during week 22 24 24 
Average hours occupied at weekend 24 24 22 
 
Occupant interviews and building surveys were conducted in these homes to gain information about 
perception of indoor air quality and general building conditions. Indoor air quality measurements were 
conducted in all three Passivhaus dwellings during the summer (May 2013) and in two dwellings during 
the winter season (Feb- early March 2013). Occupant diaries were utilized during the air quality 
measurements to gain information of occupancy levels, heating schedules and activities that may have 
affected the results.  
192   Gráinne McGill et al. /  Energy Procedia  62 ( 2014 )  190 – 199 
 
2.1. Indoor air quality measurements 
The indoor air quality measurements were conducted for approximately 24 hours  in the ground floor 
open plan living room and kitchen during the summer and winter season. The living area is south facing, 
opening onto an external patio and rear garden. The façade consists of large, triple glazed doors and fixed 
glazing with brise soleil for shading. There is a double height glazed section over the dining area, with 
fixed shutters for shading. Measurement parameters include temperature, dew point, wet bulb, relative 
humidity, and carbon dioxide (monitored with Extech EA80 Datalogger/ accuracy ±3%RH @25°C, 
±0.5°C, ±3% of reading or ±50ppm). Measurements were also conducted in the main bedroom during 
summer months (monitored with Wohlër CO2 datalogger/ accuracy ±3% RH, ±0.6°C, ±3% of reading or 
±50ppm). All indoor air quality measurements were conducted in accordance with ISO 16000. Outside 
conditions were monitored during the measurement period with use of a weather station (Watson W-
8681-SOLAR) and Wohlër CO2 datalogger.  
2.2. Structured occupant interviews 
Structured interviews were conducted with building occupants of all three Passivhaus dwellings, utilizing 
various questionnaires. These questionnaires consisted of one for each household, one for each occupant 
(adults), and one for each child (to be completed by parent/guardian). The interviews gained information 
on perception of indoor air quality during summer and winter seasons utilizing validated procedures 
[11,12]. The household questionnaire gained information on the building occupants, ventilation strategies, 
building features, frequency of particular activities, heating schedules and the use of air polluting 
products. 
2.3. Occupant diary and building survey 
An occupant diary was used to gain information on activities that occurred during the measurement 
period that might have affected the results. For instance, the diary required the occupants to record 
average occupancy in the living room/kitchen and in the home every hour. Hourly activities (such as 
heating, cooking, use of air polluting products, opening of doors/windows, use of boost mode) were also 
recorded through a tick-box method. The occupant diary was compressed to one A4 page for each 
measurement day, to reduce the burden on the occupants. The building survey recorded information on 
building features, such as the presence of operable windows, floor coverings, general observations and 
heating and ventilation controls. The survey was conducted on the day of the measurements.  
3. Results 
3.1. Heating and ventilation 
The three Passivhaus households were asked a number of questions about operation, maintenance and 
general knowledge of the Mechanical Ventilation with Heat Recovery (MVHR) system. The results 
suggest significant issues that require attention, particularly in a social housing context. For example, all 
three households were asked if they have ever had any issues with the MVHR system since they moved 
in. Two of the households stated that the MVHR system had broken down and was currently not working; 
one stated it had broken down a month before the interviews (No.2), the other eight months (No.3). The 
occupants of No.3 explained that there was a problem with the electrics and the housing association was 
having difficulty finding people in the local area with adequate expertise on the MVHR systems.  
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Knowledge of the ventilation system was also an issue in the case study dwellings, since only one 
household was aware of the boost mode function and used it regularly (No.3). Furthermore, when asked if 
they had ever adjusted the supply or extract vents, the occupants of No.3 stated, ‘yes, I usually have them 
wider open- it doesn’t affect how much air coming in, it affects the noise (…) I close them in the 
bathroom sometimes because when my son gets bathed- when we keep it open it extracts the air and it is 
cooling him as well.’ 
 
All households had been living in the home for approximately one year when interviewed. When asked 
about whether the filters in the ventilation system had been replaced, one household explained that they 
were not sure since the housing association/ventilation company is responsible for this. The other two 
households explained that the filter needed changed, however it had not yet been done. Households were 
also asked if they have ever had any issues with the following aspects of the MVHR system: noise, cost 
of running, thermal comfort, draughts and/or other. Household No.1 stated ‘yes, the system is noisy on 
higher settings.’ Household No.3 stated problems with both thermal comfort and draughts.  
 
Households were also asked how often the windows were opened during the summer and winter months, 
the results of which are illustrated in Figure 1. All households reported opening the window either 
‘Regularly’ or ‘Constantly’ in the morning, during the day and at night during the summer months. Two 
households (No.1 and No.3) explained it was ‘too warm’. During the winter months, occupants reported 
opening the windows less, with two households ‘Rarely’ opening the window at any time of day (No.2 
and No.3). This is alarming since these two households also reported that the MVHR system was not 
working, which may lead to significant problems with ventilation during the winter months.  
 
 
 
Fig. 1. Household reported frequency of opening windows during summer and winter season (1= Never, 2= Rarely, 3= 
Occasionally, 4= Regularly, 5= Constantly) 
 
Table 2: Heating schedule 
 
Heating schedule No.1 No.2 No.3 
Winter 6-7pm 10-12am 5-8pm 
Spring ---- 5-8pm ---- 
Summer ---- 5-6.30pm ---- 
Autumn 6-7pm 1-4pm 5-7pm 
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The homes are heated primarily through heat recovery by the mechanical ventilation system, which is 
supplemented by one radiator in the lounge and two towel radiators in the bathroom. Table 2 illustrates 
the reported heating schedule of each household for each season. Household No.1 and No.3 reported 
using central heating system for approximately 1-3 hours in the evening during autumn and winter. In 
house No.2 however, the heating system was used regularly during all seasons. 
3.2. Carbon dioxide and average occupancy in open plan living area 
Fig. 2. Winter living space carbon dioxide and occupancy (a) House No.1; (b) House No.2 
 
 
Fig. 3. Summer living space carbon dioxide and occupancy (a) House No.1; (b) House No.2 
 
The maximum recommended carbon dioxide level of 1,000ppm was exceeded in all two households 
during the winter (Figure 2) and all three households during the summer measurement period (Figure 3 
and 4). Levels peaked as high as 1,992ppm during winter measurements in House No.2. Mean carbon 
dioxide levels also exceeded 1,000ppm during both summer and winter months in house No.2. Carbon 
dioxide levels did not correspond with reported occupancy levels in the measurement room during the 
measurement period. For instance, during the early hours of the morning when reported occupancy in the 
measurement room (open plan living room/kitchen) was zero, carbon dioxide levels remained in most 
cases above 1,000ppm. This may be due to air leakage from the conjoining bedrooms above into the 
double height space.  
 Gráinne McGill et al. /  Energy Procedia  62 ( 2014 )  190 – 199 195
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4. Summer living space carbon dioxide and occupancy in House No.3 
3.3. Summer bedroom carbon dioxide, temperature and relative humidity levels 
Fig.5: Summer carbon dioxide, temperature and relative humidity in house No.3 
 
Bedroom carbon dioxide, temperature and relative humidity were also recorded during the summer 
months in all three households, as illustrated in Table 3. Carbon dioxide levels varied significantly during 
the measurement period, with peak levels ranging from 804ppm-2598ppm. Carbon dioxide levels in No.3 
were significantly high overnight, suggesting inadequate ventilation. Levels dropped significantly 
between 8 and 9am, most likely as a result of purge ventilation in the form of opening windows. 
 
Table 3: Summer bedroom carbon dioxide, temperature and relative humidity 
 
  Carbon dioxide (ppm) Temperature (°C) Relative Humidity (%) 
  Max Min Mean Max Min Mean Max Min Mean 
No.1 804 407 590.0 25.4 20.2 22.6 51.8 35.3 42.7 
No.2 1520 436 782.8 22.5 19.1 21.1 53.0 36.8 45.3 
No.3 2598 396 820.3 22.6 19.6 21.5 47.7 31.9 41.3 
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3.4. Relative humidity and temperature 
Fig. 6. Winter living space temperature and humidity (a) House No.1; (b) House No.2 
 
Fig. 7. Summer living space temperature and relative humidity (a) House No.1; (b) House No.2  
 
Table 4: Statistical analysis of relative humidity and temperature 
 
Parameter Statistical analysis No.2 No.3 No.4 Summer Winter Summer Winter Summer 
Relative 
humidity 
Maximum 54.0 52.4 51.0 51.0 57.9 
Minimum 33.6 37.0 38.8 42.5 34.4 
Mean 43.4 43.1 45.7 46.3 46.9 
Temperature 
Maximum 24.9 24.6 24.0 23.2 23.3 
Minimum 19.0 19.0 20.5 19.7 18.9 
Mean 23.2 22.2 22.4 21.5 21.0 
 
Relative humidity levels remained below the recommended maximum of 60% in all households during 
both summer and winter measurements. No significant difference between summer and winter seasons 
was found. Average temperatures remained within satisfactory levels for comfort (18-24°C) during the 
measurement periods, ranging from 21-23.2°C, however peaked above 24°C in house No.2 during both 
summer and winter months.  
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Fig. 8. Summer living space temperature and relative humidity in House No.3 
3.5. Indoor air quality perception 
Table 5. Perception of indoor air quality during winter in the Passivhaus households 
 
IAQ perception scales Mean S.D Mean+ S.D Mean- S.D Max Min 
Dry-Humid Scale 3.3 0.5 3.8 2.8 4 3 
Fresh-stuffy scale 3.5 1.3 4.8 2.2 5 2 
Odourless-odorous scale 3.0 0.0 3.0 3.0 3 3 
Too still-too draughty scale 3.0 1.4 4.4 1.6 4 1 
Satisfactory overall- unsatisfactory overall 3.3 1.0 4.2 2.3 4 2 
 
Table 6. Perception of indoor air quality during summer in the Passivhaus households 
 
IAQ perception scales Mean S.D Mean+ S.D Mean- S.D Max Min 
Dry-Humid Scale 2.3 0.5 2.8 1.8 3 2 
Fresh-stuffy scale 3.3 1.9 5.1 1.4 6 2 
Odourless-odorous scale 3.0 1.4 4.4 1.6 5 2 
Too still-too draughty scale 2.3 1.0 3.2 1.3 3 1 
Satisfactory overall- unsatisfactory overall 3.8 2.2 6.0 1.5 7 2 
 
Occupant perception of indoor air quality was monitored through use of uni-polar and bi-polar scales. For 
uni-polar scales (such as ‘fresh-stuffy’) where one extreme is considered bad, a score greater than 3 
requires further investigation and a scale greater than 5 is a cause for concern [11]. For bi-polar scales 
(such as too still-too draughty) where both extremes are bad, scores outside 3-5 require further 
investigation and outside 2-6 is a cause for concern. The statistical analysis results were derived from 
results of all the adult questionnaires utilised in the structured interviews for all three households.  
 
As illustrated in Table 5, mean scores for the ‘dry-humid’ scale (3.3) and ‘satisfactory overall-
unsatisfactory overall’ scale (3.3) for the winter months requires further investigation. This suggests 
occupants of the case study dwellings did not perceive the air to be significantly fresh or satisfactory 
during winter. Similarly, during the summer, the mean score for the ‘fresh-stuffy’ scale was 3.3 and the 
‘satisfactory overall-unsatisfactory overall’ scale was 3.8. Furthermore, mean scores for bi-polar scales 
‘dry-humid’ and ‘too still-too draughty’ were outside the range of 3-5, suggesting further investigation is 
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required. It is important to note that the maximum score for the scale ‘satisfactory overall-unsatisfactory 
overall’ during the summer month was 7, thus at least one occupant considered the indoor air quality as 
significantly unsatisfactory, which is a cause for concern.  
4. Discussion 
The results from the occupant interviews suggest significant issues regarding maintenance and use of the 
Mechanical Ventilation with Heat Recovery (MVHR) system. For instance, inadequate knowledge of the 
boost mode function and the importance of ‘balancing’ the MVHR system, adjustment of the supply and 
extract vents, on-going system faults, lack of skilled service engineers, lack of filter replacements, 
uncertainties over responsibility of maintenance requirements, problems with noise on higher settings, 
draughts and problems with thermal comfort were all identified through the interview process.  
 
During the handover stage, the housing association provided a pre-allocation meeting with potential 
tenants, pre-handover viewings, user manuals and information posters in all dwellings. Since occupants 
were chosen based on the waiting list rather than environmental awareness and/or lifestyles, 
understanding and training was considered significantly important, particularly in a social housing 
context. The results however suggest there are still improvements to be made to ensure adequate 
knowledge and understanding of the MVHR system from building occupants. It may also be useful to 
draft a service checklist at least once a year to ensure adequate performance and maintenance of the 
MVHR system.  
 
During the summer months, occupants reported opening the windows either regularly or constantly in the 
morning, during the day and at night; with two households (No.1 and No.3) explaining it was too warm. 
This suggests the MVHR system alone was not capable of ensuring adequate thermal comfort. Both these 
households reported using the central heating system for approximately 1 to 3 hours a day during winter 
and autumn. Household No.2 however stated that they utilised central heating regularly during all 
seasons. This suggests significant variances in heating schedules, which may have a major effect on the 
annual space heating demand. In winter, occupants reported opening the windows much less with two 
households ‘rarely’ opening windows at any time of day, which may cause problems when the MVHR 
systems are not performing adequately.  
 
The high levels of carbon dioxide (>1,000ppm) recorded in all monitored households during both summer 
and winter months suggest insufficient ventilation of the case study dwellings. This may be as a result of 
inadequate performance, use and/or maintenance of the MVHR system. Levels peaked as high as 
2,598ppm in the bedroom of No.3 during the summer measurement period. According to the German 
Working Group on Indoor Guideline Values, ‘based on health and hygiene considerations: concentrations 
of indoor carbon dioxide below 1000ppm are regarded as harmless, those between 1000 and 2000ppm as 
elevated and those above 2000ppm as unacceptable [13].’ In house No.2, mean carbon dioxide levels 
exceeded 1,000ppm during both summer and winter months. More research is required to investigate the 
performance of MVHR systems in practice and whether or not they provide adequate ventilation in low-
energy, Passivhaus dwellings.  
 
Levels of relative humidity remained reasonably low during both summer and winter months in 
monitored dwellings, with average values ranging from 43.1 to 46.9%, which may be partly due to the use 
of MVHR systems. There was very little variance between summer and winter results. Mean temperatures 
remained within satisfactory levels for comfort (18-24°C) during both summer and winter measurements, 
however peaked above this in house No.2.  
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Finally, the perception of indoor air quality recorded through the structured occupant interviews suggests 
occupants did not perceive the air quality to be significantly fresh or significantly satisfactory during 
summer or winter. Furthermore, mean scores suggest occupants perceived the air as relatively dry and 
still during the summer months, which may have implications on overall comfort. At least one occupant 
perceived the air quality as significantly unsatisfactory, which is a cause for concern. These results 
demonstrate convergence with the results of the indoor air quality measurements, and highlight the need 
for an urgent review of energy efficient design strategies and the effect on indoor air quality.  
5. Conclusion 
This study aimed to investigate the indoor air quality in Passivhaus social dwellings through a UK case 
study. The findings suggest both measured and perceived indoor air quality problems. Furthermore, a 
number of issues were identified relating to the use and maintenance of MVHR systems, including lack of 
knowledge from the building occupants. The findings cannot provide a generalisation of all UK 
Passivhaus social dwellings, since the number of homes investigated was significantly limited. A further 
limitation is the relatively small measurement period of 2 days during both summer and winter. However, 
it does provide interesting insights into indoor air quality in these homes.  
 
Further research is required to investigate the effects of energy efficient design strategies including the 
Passivhaus standard on indoor air quality, to insure occupant health and wellbeing is not sacrificed in the 
drive towards the reduction of carbon dioxide emissions. A re-evaluation of energy efficient design 
strategies may be required to account for future climate predictions and indoor air quality needs.  
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